We describe a method of global PCR amplification of cDNA such that the strand sense is maintained. The products of this process are random primed fragments ranging in size from 100 to 500 bp which facilitates uniform PCR amplification of total cDNA. Directional incorporation of a T7 RNA polymerase initiator/promoter sequence allows efficient synthesis of total sense RNA from this material and the use of a biotinylated primer permits the separation of singlestranded cDNA. Isolation of these products from different cell types provides a renewable source of target single-stranded cDNA and driver RNA from limited cell numbers and we demonstrate their use for subtractive hybridisation cloning of differentially expressed cDNAs.
The introduction of PCR technology has provided a means of applying subtractive cloning to smaller numbers of cells and many strategies based on the original target cDNA hybridisation to so called driver RNA or antisense cDNA have also been developed to overcome the problem of limited starting cell numbers (1) (2) (3) (4) . These methods are still complex, usually requiring multiple rounds of PCR and subtractive hybridisation which can produce artifactual results by virtue of representational skewing during the amplification process.
Other PCR-based display techniques were introduced (5) that do not rely on subtractive hybridisation to clone differentially expressed sequences (5) . However, although these methods appear very simple and may be performed on limited numbers of cells, in practice, they can prove difficult to optimise. For example, recent work (6) has demonstrated that differential display is heavily biased towards high copy number mRNAs.
Initially we developed the chemical cross linking subtraction (CCLS) approach in order to greatly simplify the more conventional cDNA/RNA hybridisation-based techniques (7) and the method has been used most notably for the cloning of the p53 suppressor WAF-1 (8) . However, this approach requires a large number of cells (5 × 10 8 ) since neither the target cDNA nor driver RNA are renewable.
Based on the technique of degenerate oligonucleotide primed (DOP) PCR (9), we have now developed a method of directional random oligonucleotide primed (DROP) synthesis of cDNA such that directional global PCR amplification of total cDNA can be achieved (Fig. 1) . The combination of DROP with CCLS provides a rapid, reliable and powerful approach to the problem of cloning differentially expressed cDNAs from limited cell numbers.
Cell culture: the maintenance and in vitro differentiation of the myeloid stem cell line FDCP-Mix has already been described extensively elsewhere (10, 11) .
RNA isolation: this was performed by the method of Chomczynski et al. (12) or was hybridised directly to oligo dT dynabeads as detailed by the manufacturer (Dynal, UK). The various reactions illustrated in Figure 1 were performed as follows.
(i) Annealing: 20 µg of total RNAs isolated from both undifferentiated (target) and differentiated (driver) cells (10, 11) were annealed to oligo dT dynabeads for 5 min at room temperature in 0.5 M LiCl, 1% SDS, 10 mM EDTA.
(ii) First strand synthesis was based on the method described by Raineri et al. (13) after which the beads were washed extensively with 1× SSC, 0.1% SDS.
(iii) Heat denaturation and dideoxy substitution was performed at 95_C for 4 min in 1× SSC, 0.1% SDS and the beads washed several times with PBS, 0.1% ultrapure BSA (GIBCO, BRL). These were then resuspended in 1× Sequenase II buffer (40 mM Tris-HCl pH 7.5, 20 mM MgCl 2 , 50 mM NaCl; Amersham, UK) plus 50 µM dideoxy NTPs (Pharmacia) and incubated at 37_C for 10 min with 2 U of Sequenase II (Amersham, UK). The beads were again washed extensively with PBS, 0.1% BSA.
(iv) Biotinylated T7 random hexamer priming: the dideoxy hairpin blocked single-stranded cDNA bound to the beads was then random primed with the biotinylated T7 random hexamer oligonucleotide: Biotin-5′-TGTAATACGACTCACTATAGG-GAG(N) 6 -3′ using 0.1 µg of primer/µl of reaction mix, 50 µM of each dNTP in 1× Sequenase buffer. This was heated to 68_C for 2 min, cooled to 37_C, 3 U of Sequenase added and this maintained at 37_C for 15 min with gentle agitation. The beads were washed with 5 × 100 µl of 1× SSC, 0.1% SDS at room temperature, 1 × 100 µl at 68_C for 2 min and 2 × 100 µl of TE (50 mM Tris-HCl pH 7.5, 5 mM EDTA) at room temperature.
(v) Heat denaturation: the beads from step (iv) were resuspended in 85 µl of 1× Taq polymerase buffer (10 mM Tris-HCl pH 8.3, 1.5 mM MgCl 2 , 0.5 M KCl) heated to 94_C for 3 min and the supernate collected. (vi) R1 random hexamer priming: 10 µg of R1 random hexamer primer: 5′-ATGAGAATTCGACGTCAGCCAGC(N) 6 -3′ and 50 µM final concentration of each dNTP were added to the supernate from step (v). This was heated to 93_C for 1 min, cooled to 37_C for 5 min and 2.5 U Taq polymerase (Boehringer Mannheim) added. The incubation was continued at 37_C for a further 10 min then slowly increased to 72_C over a period of 10 min.
(vii) Binding to streptavidin beads: the reaction from step (vi) was added directly to 50 µl of prewashed (PBS, 0.1% BSA) M280 streptavidin beads and incubated at room temperature with gentle agitation for 1 h. The beads were washed at room temperature with 5 × 100 µl of PBS, 0.1% BSA, 1 × 100 µl at 68_C for 2 min and 2 × 100 µl of TE at room temperature.
(viii) Heat denaturation: the beads from step (vii) were resuspended in 85 µl of 1× Taq polymerase buffer, heated to 92_C for 3 min and the supernate collected.
(ix) PCR amplification: 0.5 µg each of both the T7 and R1 primers: T7 5′-TGTAATACGACTCACTATAGGGAG-3′; R1 5′-ATGAGAATTCGACGTCAGCCAGC-3′ was added to the supernate from step (viii) together with 250 µM final concentration of each dNTP. Taq polymerase (2.5 U) was then added and the reaction put through 25 cycles of 94_C for 1 min, 62_C for 1 min, 72_C for 1 min.
Size and quality of DROP amplified cDNA product: a 10 µl aliquot of this product was Southern blotted and probed with labelled α-actin cDNA (14) (Fig. 3) .
Once the size disribution and quality of the PCR product from step (ix) had been verified, preparative 1.5% agarose gel electrophoresis was carried out and DNA migrating between 150 and 500 bp was excised, electroeluted (15) , reamplified for 10-12 cycles and purified by the use of a JET Pure PCR Reaction Purification Kit (Genomed, Hybaid, UK).
Northern blotting: this was performed by the method of Lehrach et al. (16) with RNA being transferred to PAL Biodyne B membrane. Hybridisation was performed as described for DNA blots.
Riboprobe synthesis: this was was carried out with an in vitro transcription kit as detailed for the cold transcription reaction except that 0.5 mM each of UTP, GTP and TTP plus 50 µCi of [α-32 P]ATP (3000 Ci/mMol, Amersham, UK) was used and the DNA template was α-actin cDNA cloned in both forward and reverse orientations in the vector pSP6/T7/19 (Boehringer Mannheim).
Preparation of single-stranded target cDNA: this is summarised in Figure 2 . A biotinylated T7 primer: Biotin-5′-TGTAATAC-GACTCACTATAGGGAG-3′ was used, the product bound to streptavidin beads in the same way as in step (vii), and these washed with 5 × 100 µl PBS, 0.1% BSA at room temperature followed by 2 × 100 µl at 68_C for 2 min. Finally the beads were washed with 2 × 100 µl of TE, resuspended in 40 µl TE and heated to 92_C (no higher) for 3 min. The single-stranded target cDNA was collected in the supernate, an aliquot Southern blotted and probed with α-actin sense and antisense riboprobes (Fig. 3) which verified the directionality of the single-stranded target undifferentiated cell cDNA.
Preparation of driver RNA (Fig. 2 ): ∼1 µg of differentiated cell driver DNA was in vitro transcribed by the use of an in vitro transcription kit (Boehringer Mannheim), according to the manufacturer's instructions, followed by addition of 20 U of RNAase free DNAase (Promega, UK) and the reaction incubated for a further 15 min at 37_C. This was finally extracted with an equal volume of 1:1 phenol-chloroform and precipitated from 3 M ammonium acetate plus 2.5 vol of 95% ethanol. An aliquot of this material was Northern blotted and probed with α-actin sense and antisense riboprobes (Fig. 3) which verified the directionality of the driver differentiated cell RNA.
Subtractive hybridisation and chemical cross linking subtractive (CCLS) probe synthesis: between 200 and 500 ng of target single-stranded cDNA was co-precipitated with 10 µg of in vitro transcribed driver RNA and hybridised overnight at 68_C in 10 µl of 0.5 M NaCl, 25 mM HEPES pH 7.5, 5 mM EDTA, 1% SDS. A CCLS probe was then synthesised by the method of Hampson et al. (7) except that the 68_C treatment and addition of 5% DMSO immediately prior to cross linking were omitted (C. Reid, personal communication).
cDNA library construction and screening: two 20 000 p.f.u. plaque lifts were prepared from a primary undifferentiated cell cDNA library (17) on 15 cm diameter PAL Biodyne A membranes. Pre-hybridisation and overnight 68_C hybridisation with the CCLS probe was performed by the method of Church and Gilbert (18) and filters were washed from 2× SSC, 1% SDS to 0.8× SSC, 1% SDS at 68_C. Signals were visualised by exposure to an image analyser screen.
Subtractive cloning: it can be seen in Figure 4A and B that random primed probes synthesised from total non-subtracted JET purified cDNA fragments produced from both target (undifferentiated) and driver (differentiated) RNAs hybridise with varying degrees of plaque signal intensity to the undifferentiated cell λgt10 cDNA library. This result confirmed the global nature of the amplification process outlined. Preparation of a target (undifferentiated) minus driver (differentiated) cell subtracted probe as described should allow detection of signals present in the undifferentiated cell type that are not expressed in the differentiated cells. Figure 4C demonstrates this whereby only ∼30 signals were detected compared with the total cDNA probes used (A and B) . Furthermore, it could be seen by careful examination of the autoradiographs, that signals present with probe B (undifferentiated) and absent with probe A (differentiated), were the same as those represented with the subtracted probe C. An example of such a plaque signal is shown by an arrow (P).
We have previously identified two cDNAs (Granzyme B and Serpin 2A) that are expressed by undifferentiated cells and undergo extensive down-regulation as these are induced to differentiate (17 and Blood, in press). The plaque lift filters were re-screened with a random primed probe made from these two cDNAs (data not shown) with the result that ∼90% of the subtracted signals detected corresponded to λ clones containing either cDNA (∼0.06% RNA abundance each)
The remaining 10% of unidentified clones (seven picks) were PCR amplified as primary plaque picks and secondary screened by Southern blotting as has been previously described (17) . Isolated cDNA inserts were random prime labelled and hybridised to Northern blots of total cellular RNA isolated from undifferentiated and differentiated cells. This demonstrated that five out of seven of the clones showed varying degrees of differentiation dependent down-regulation (data not shown) when compared with the actin control indicating a >95% success rate in identifying differentially expressed cDNAs.
How sensitive is the technique? Although most of the differentially regulated clones identified were in the moderate-tolow abundance class (Granzyme B and Serpin 2A, each approximating to 0.06% of mRNA as determined by re-screening the primary cDNA library), some of the remaining cDNAs were expressed at considerably lower levels down to 0.01% mRNA abundance as determined by re-screening the primary cDNA library with these isolated cDNA inserts (two signals out of 20 000 primary p.f.u.). Furthermore, it should also be emphasised that the example described in this communication was merely to demonstrate the application of the DROP process to CCLS cloning. Increasing the amount of single-stranded target in the probe, higher wash stringency and longer exposure times should allow detection of lower abundance sequences. In addition, an extra, short-duration (low Rot < 100) hybridisation step in the CCLS process of single-stranded target material back to driver RNA produced from target duplex DNA should greatly reduce detection of high abundance sequences (3, 19) .
The DROP procedure described has several distinct advantages over existing methods. First, it can be accomplished in just 2 days. Second, it can be performed on limited cell numbers. The DROP products used in this communication were generated from 20 µg of total RNA; however, we have successfully produced DROP amplified cDNA from as little as 10 6 cells approximating to 3 µg of total cellular RNA (this figure may be reduced considerably by further optimisation) whereas other recently published methods (20) require considerably more starting material (2 µg polyA+ RNA → 100 µg total RNA). Third, the product can be used to synthesize both single-stranded target cDNA and driver RNA from the same amplified PCR product thus readily allowing subtraction to be performed in both directions. Fourth, and most importantly, once the DROP product has been synthesised it is not necessary to re-extract more RNA for the purposes of subtraction. Construction of a conventional, or a DROP product derived, target cell cDNA library in a suitable phage vector takes ∼5 days. We would thus estimate an overall time scale of 2 weeks for isolation of differentially expressed cDNAs using this approach.
